Human PrimPol is a monomeric enzyme whose DNA primase activity is required to rescue stalled replication forks during nuclear and mitochondrial DNA replication. PrimPol contains an Archeal-Eukaryotic Primases (AEP) core followed by a C-terminal Zn finger-containing domain (ZnFD), that is exclusively required for primer formation and for PrimPol function in vivo. The present study describes the sequential substrate interactions of human PrimPol during primer synthesis, and the relevance of the ZnFD at each individual step. Both the formation of a PrimPol:ssDNA binary complex and the upcoming interaction with the 3 -nucleotide (pre-ternary complex) remained intact when lacking the ZnFD. Conversely, the ZnFD was required for the subsequent binding and selection of the 5 -nucleotide that will become the first nucleotide of the new primer strand. Providing different 5 -site nucleotides, we can conclude that the ZnFD of PrimPol most likely interacts with the ␥-phosphate moiety of the 5 -site nucleotide, optimizing formation of the initial dimer. Moreover, the ZnFD also contributes to recognize the cryptic G at the preferred priming sequence 3 GTC5 . Dimer elongation to obtain long DNA primers occurs processively and is facilitated by the 5 -terminal triphosphate, indicating that the ZnFD is also essential in the subsequent translocation/elongation events during DNA primer synthesis.
INTRODUCTION
Most DNA polymerases are unable to initiate DNA synthesis, as they cannot use a dNTP as the initiating/priming source of the hydroxyl group required to transfer elongating nucleotides during DNA replication. The most common mechanism to resolve this issue relies on a specialized RNA polymerase, a primase, which can initiate synthesis from a single ribonucleoside triphosphate (NTP) to produce short RNA primers whose 3 -hydroxyl group is used for subsequent elongation by DNA polymerases (1, 2) . The molecular mechanism of primer synthesis in conventional primases begins when the primase binds the single-stranded DNA (ssDNA) template, without the strict need to recognize a specific sequence. That said, some primases, especially those from bacterial origin, start primer synthesis at preferred template initiation sites: DnaG from Escherichia coli starts synthesis at 3 -GTC-5 (3), T7 primase initiates at 3 -CTG-5 (4, 5) , and herpes virus recognizes 3 -GTCC-5 (6, 7) . Conversely, eukaryotic primases usually do not show a strict sequence preference, although pyrimidine-rich template regions are favored (8) , given that primers generally start with purines (9) . Primases can initiate de novo RNA synthesis as they have two NTP binding sites-the 5 -site or initiation site that establishes the NTP at the 5 -end of the primer, and the 3 -site or elongation site that accommodates incoming NTPs at the 3 end of the growing primer (10) . Formation of the initial dimer is the rate-limiting step in which the two NTPs, complementary to the template initiation site, are not bound simultaneously to their sites: binding of the 3 NTP is assumed to occur first, followed by binding of the 5 -site NTP and catalysis (11) . The initiating dimer (pppN-p-N) is then translocated to make room for the next incoming nucleotide, and elongation of the primer continues processively usually up to a determined length (5-12 nt) .
Based on their structure, primases can be divided into two groups: the DnaG superfamily with a TOPRIM-fold domain (12) , and the AEP superfamily, which contains an RNA recognition motif fold (13, 14) . Iyer et al. (15) have identified more than 10 AEP families, including a novel family termed PrimPol (primase-polymerase), which have been the subject of intensive study since its recent discovery. The first described PrimPol was Orf904 from the Sulpholobus islandicus archaeal plasmid pRN1 (16) , but PrimPols are encoded also in the genomes of many bacteria, archaea, eukaryotes, viruses, plasmids and bacteriophages. Some recently characterized members of the PrimPol fam-ily include BcMCM from Bacillus cereus (17) , TthPrimPol from Thermus thermophilus (18) , and human PrimPol, the first to be described in eukaryotes (19) (20) (21) . Unlike conventional primases, PrimPols use dNTPs to build-up the primers they make, with the exception of the initiating nucleotide that is likely an NTP. Moreover, PrimPols can also use dNTPs to extend pre-existing DNA or RNA primers (22) , behaving like conventional DNA polymerases. Because of this dual function, this group of enzymes were originally named PrimPols (16) .
Human PrimPol is a monomeric enzyme that contains motifs A, B and C, shared with other AEP primases, but also an extra C-terminal Zn finger-containing domain (ZnFD) that has three conserved cysteines and a histidine (Cys-His-Cys-Cys), with the potential to coordinate a Zn 2+ atom to form a Zn-finger, very similar to that present in AEP primases from the herpesvirus family (15) . Znfingers are generally involved in the maintenance of protein integrity and/or protein-protein interactions, but also in recognizing specific template features at the initiation site of primases (23, 24) . Interestingly, herpes virus primase (UL52), which belongs to the same AEP subfamily as human PrimPol (15) , has been shown to require its C-terminal ZnFD for primase activity and even DNA binding (25) . The ZnFD in human PrimPol was also shown to be essential for primase activity both in vivo and in vitro (26, 27) . A double point mutation in two of the Zn 2+ ligands (C419G, H426Y) and a deletion mutant lacking the C-terminal domain ( ZnFD; lacking aa 410-560) were instrumental in demonstrating that this domain is specifically involved in DNA priming by PrimPol; and that this activity is essential to rescue stalled replication forks challenged by UV or hydroxyurea treatment, and even to maintain the normal replication rate in the absence of exogenous stress (26) .
In this work, we further investigated the role of the ZnFD at each step of the DNA priming process by human PrimPol. Our hypothesis, based on previous data, is that PrimPol will initially bind the ssDNA template (binary complex), then the 3 -site nucleotide to form a preternary complex, followed by binding of the 5 -site nucleotide to trigger dimer formation and subsequent elongation to build-up a mature DNA primer. For an optimal approach, we used single-stranded oligonucleotides containing a preferred and unique initiation site (3 ..GTC..5 ) for human PrimPol, which directs the synthesis of 3p AG or 3p AG initiating dimers, using either ATP or dATP at the 5 -site, and dGTP at the 3 -site (19) . We also evaluated the importance of the 3 -G at the priming site (3 ..GTC..5 ), as a putative cryptic nucleotide (not copied) and its significance for both dimer formation and primer elongation.
MATERIALS AND METHODS

Expression and purification of PrimPol, site-directed mutants and ZnFD mutant
Human PrimPol, mutant AxA (catalytically-dead mutant in which Asp 114 and Glu 116 were simultaneously changed to Ala), and deletion mutant ZnFD ( 410-560) were expressed and purified as previously described (19, 26) .
Oligonucleotides and nucleotides
Conventional DNA oligonucleotides were synthesized by Sigma Aldrich (St Louis, MO, USA). pppAGT and its control pAGT were obtained from IDT (Coralville, IO, USA (5 mM) . The reaction (in 20 l) was incubated at 30
• C for 10 min. Subsequently, loading buffer (30% glycerol, 1 mM EDTA, 0.1% xylene cyanol and 0.1% bromophenol blue) was added and the reaction was analyzed in a native 6% polyacrylamide gel run at 150 V for 120 min at 4
• C in Tris-glycine pH 8.3 buffer. After electrophoresis, the gel was dried and the mobility shift of free ssDNA versus enzyme:ssDNA complex was analyzed by autoradiography. Complex stability was evaluated by incubation of either WT PrimPol or ZnFD mutant (40 nM) in buffer A with 1 nM of labeled GTCC. After 10 min incubation, increasing concentrations of unlabeled GTCC (1.25, 2.5, 5 and 10 nM) were added to compete with the labeled GTCC, and further incubated for an additional 10 min. The result was analyzed as described before. 5 (0.5 M; 60-mer) (X is: A/G/C or T), and MnCl 2 (1 mM) or MgCl 2 (5 mM). Reactions (20 l final volume) were incubated for 10 min at 30
EMSA
• C. Then loading buffer was added and the reactions were analyzed as described above.
DNA primase assays
DNA primase activity of PrimPol and ZnFD mutant was evaluated using the 60-mer oligonucleotides 3 T 20 XTCCT 36 5 or 3 T 10 XTCAT 15 5 (X is: A/G/C or T) as template ssDNA. The 3 T 20 GTCCT 36 5 oligonucleotide contains a putative herpes virus priming initiation site (GTCC) (6) , which is also a preferred priming site for human PrimPol (19) . The reaction mixture (20 l) contained PrimPol (400 nM or as indicated) in buffer B (as above). The nucleotides and concentrations used are indicated in each figure. Usually, the labeled nucleotide ([␥ - 32 • C, then stopped by addition of formamide buffer (25 mM EDTA, 95% v/v formamide and 0.3% (w/v) bromophenol blue and xylenecyanol) and loaded on 8 M urea-containing 20% polyacrylamide sequencing gels. After electrophoresis, de novo synthesized polynucleotides or elongation of miniprimers were detected by autoradiography.
RESULTS
PrimPol interaction with ssDNA does not require the Znfinger domain and activating metal ions
As described (19) , human PrimPol efficiently begins primer synthesis at the preferred initiation site 3 GTCC5 , by forming a 3p AG dinucleotide. Hence, this single initiation site, flanked by polydT tracks (3 T 20 GTCCT 36 5 ; abbreviated as GTCC), is an optimal template to test the direct interaction between PrimPol and ssDNA by Electrophoretic Mobility Shift Assay (EMSA). Supporting the concept that PrimPol stably interacts with the 3 GTCC5 sequence to form a binary complex (E:ssDNA), a single retarded band was detected ( Figure 1A , left panel), whose abundance progressively augmented with increasing enzyme concentration. The ZnFD was shown to be irrelevant for this reaction, as the binary complex was formed at a similar protein concentration when using the ZnFD mutant, implying that the Zn-finger is not involved in binding ssDNA. We also tested the stability of a pre-formed E:ssDNA binary complex by further addition of an excess of unlabeled ssDNA, and whether the stability was altered by the absence of the ZnFD. The retarded binary complex largely disappeared in the presence of relatively small amounts of competing ss-DNA, implying a short-lived interaction, which was not affected by the presence or absence of the ZnFD ( Figure 1A , right panel). Furthermore, we examined whether the binary complex formation was affected by the presence of divalent metal ions, observing that the amount of complex formed at different enzyme concentrations did not change when Mn 2+ or Mg 2+ was added to the reaction ( Figure 1B ).
PrimPol forms a stable pre-ternary complex in the presence of Mn ions, which does not involve the Zn-finger domain
After formation of the enzyme:ssDNA binary complex, a first nucleotide has been proposed to bind at the 3 -site (elongation site) of a primase, followed by binding of the 5 -nucleotide (initiation site), and subsequent dimer formation (11) . On the GTCC oligonucleotide, human PrimPol starts primer synthesis by forming a dinucleotide 3p AG, copying TC in the ssDNA template (19) . Accordingly, we explored the formation of a pre-ternary complex in PrimPol by assaying the tripartite interaction enzyme:ssDNA:dGTP(3 -site) as an intermediate step preceding catalysis, again using EMSA but in the presence of labeled dGTP. As shown in Figure 2B , we found evidence for the so-called pre-ternary complex (PrimPol:ssDNA:dGTP), which has a similar electrophoretic mobility to that of the binary complex ( Figure  2A ) is largely preferred as a metal cofactor both for priming and elongation (19, 20, 28) , in agreement with the preference for this metal to form a stable pre-ternary complex as shown here. As further support for the physiological relevance of the detected pre-ternary complex ( Figure 2C ), it could not be formed with: (i) ATP as the 5 -site nucleotide; (ii) GTP as the 3 -site nucleotide, in agreement with the sugar specificity described for PrimPol at the elongation site (19) ; (iii) dTTP, a non-complementary deoxynucleotide, emphasizing the strict need for templated base selection at this step of pre-ternary complex formation; (iv) the catalytically-dead PrimPol mutant AxA (19) , revealing the need for the specific binding of Mn 2+ at the catalytic site, contributed by residues Asp 114 and Glu 116 of human PrimPol. Our results also suggest that the initiating nucleotide (the one to be bound at the 5 -site) binds with a much lower affinity, and that its recruitment likely requires the previous binding of the 3 -nucleotide. Interestingly, the ZnFD mutant was able to form a prominent band corresponding to the pre-ternary complex ( Figure 2D ), indicating that this domain is not required to stabilize the 3 -site nucleotide, in agreement with its dispensability for the polymerase activity (26) .
The cryptic G in the template recognition sequence does not determine formation of binary and pre-ternary complexes
Eukaryotic primases do not require a specific DNA sequence to begin primer synthesis in vivo (29) , although they do show a preference for pyrimidines that vanishes when higher concentrations of the NTP and Mn 2+ are added (30) . However, many of them (especially prokaryotic primases) do have an in vitro preference for a short three baseslong recognition motif (4, 5, 7, 31, 32) reviewed in (1,2). The 3 -base of the recognition motif is not copied (cryptic), whereas the next two bases, frequently pyrimidines, direct the initiation of primer synthesis that usually begins with two purines (1, 33) .
We questioned whether the cryptic G in the PrimPolpreferred sequence 3 GTCC5 is relevant for the sequential interactions with ssDNA and the 3 -incoming nucleotide. PrimPol binding to a ssDNA template, where the cryptic G was replaced by A, produced a PrimPol:ssDNA binary complex ( Figure 2E shown even in the absence of the ZnFD ( Figure 2E , lower panel). Next, formation of the pre-ternary complex was evaluated using template variants with the four options at the cryptic base (3 XTCC5 ). As shown in Figure 2F , a comparable pre-ternary complex (E:XTCC:dG*) was observed with the four templates, and irrespective of the presence of the ZnFD. Therefore, we conclude that the core AEP domain of PrimPol is responsible for ssDNA binding, template site recognition, and Mn 2+ -dependent binding of the 3 -site dNTP, and that the cryptic G at the preferred template site does not determine any of these abilities.
The cryptic G-mediated stimulation of dimer synthesis and elongation requires the Zn-finger domain
We assessed the effect of the cryptic G at the preferred recognition sequence (GTCC) on the next step after formation of the pre-ternary complex, i.e. dimer synthesis. PrimPol-mediated dimer synthesis was first evaluated on four different templates (XTCC oligonucleotide; where X represents G/A/C or T), providing dGTP at 10 M to allow formation of the pre-ternary complex, and a low concentration (16 nM) of [␥ - 32 P]ATP as the 5 -site nucleotide. Under these conditions, dimer formation (calculated by integrating all primase products) was significantly higher (4-8-fold) on the template containing G as the cryptic base (see the WT data in Figure 3A) . Interestingly, the larger products mainly observed with the cryptic G-containing template also indicated a stimulatory effect of the cryptic G on the translocation and further elongation of the dimer (see later).
We next wondered whether the ZnFD was involved in the recognition of the cryptic G during dimer synthesis. As shown in Figure 3A , the ZnFD mutant catalyzed a residual amount of dimer on all of the template variants differing at the cryptic nucleotide, in agreement with previous data indicating its selective role in PrimPol primase activity (26) . Considering our previous results showing that the ZnFD mutant was able to form a pre-ternary complex ( Figure 2D ), it was likely that the limiting concentration of the 5 -site nucleotide used in this experiment (16 nM) could be the main factor compromising the primase activity of the ZnFD mutant. Hence, we carried out a second primase assay ( Figure 3B ) maintaining a low and constant concentration of the 3 -site nucleotide ([␣-32 P]dGTP) and providing increasingly higher concentrations of the 5 -site nucleotide (ATP); moreover, a variant DNA template priming site (GTCA), was used to facilitate a separate analysis of dimer and trimer products, and to avoid slippage-mediated products (like those previously shown in Figure 3A ). Under these new experimental conditions, a major band corresponding to the 3p AG* dimer was observed in the presence of the WT PrimPol even at the lowest ATP concentration ( Figure 3B, left panel) . By contrast, the ZnFD mutant required a much higher concentration of ATP to catalyze the 3p AG* dimer ( Figure 3B, right panel) . Thus, it is likely that the ZnFD is specifically required to stabilize the 5 -site nucleotide. These new primase assay conditions, especially when providing a high concentration of the 5 -site nucleotide (ATP), allow detection and quantification of a significant amount of dimer even in the absence of the ZnFD. Thus, we re-evaluated the impact of the cryptic G under these conditions, not only during dimer formation (providing ATP+dGTP*), but also for the next elongation step (providing ATP+dGTP*+dTTP to make a trimer). As quantified in Figure 3C , only a G at the cryptic position in the XTCA priming site favors dimer formation (light gray bars) and its rate-limiting elongation (dark gray bars) by WT PrimPol. By contrast, the ZnFD mutant was unable to exploit the cryptic G in the template, producing similar amounts of dimers with the four templates, and very inefficient elongation in all cases. We therefore conclude that the ZnFD is involved in the recognition/positioning of the cryptic G, which facilitates not only dimer formation but also its translocation and elongation.
The Zn-finger domain is not required to elongate synthetic primers of minimal size Thus far, our analysis of the importance of the ZnFD of PrimPol during primer synthesis points to a direct role in the stabilization of the 5 -site nucleotide, and in the proper positioning of the cryptic G. A direct effect in catalysis during primer synthesis is much less likely, considering previous data showing that the ZnFD is dispensable for the polymerase and translesion synthesis activities of PrimPol (26, 27) . To explore this further, a collection of miniprimers that resemble PrimPol products made on the 3 GTCC5 template (AG, AGG, AGGA. . . ) were commercially synthesized, labeled with [␥ - 32 P]ATP at their 5 -end, and evaluated as valid primers to be extended by WT PrimPol or by the ZnFD mutant. Figure 4A shows a positive control in which WT PrimPol and, much less efficiently, the ZnFD mutant, synthesize and elongate a dimer when starting from ATP ('1-nt primer') and dGTP. However, when a preformed dimer * p AG is provided as primer, it was similarly elongated by the WT and the ZnFD mutant, suggesting, at a first glance, that the ZnFD is dispensable once the dimer is formed ( Figure 4B ). The very same conclusion was drawn when a 3-mer (* p AGG; panel C) or 4-mer oligo (* p AGGA; panel D) was used as a primer, and dATP was added for elongation, although in these cases the ZnFD mutant was more efficient during polymerization as previously described (26) . This higher efficiency is due to a 50-to 100-fold decrease of the Km for incoming dNTPs measured in DNA polymerization assays (results not shown), in good agreement with the enhanced formation of the pre-ternary complex by the ZnFD mutant ( Figure 2D and F) . Strikingly, we had previously shown that after dimer formation, conversion to trimer was significantly reduced when lacking the ZnFD (Figure 3C ), which contradicts the experimental results with the synthetic * p AG primer ( Figure 4B ). An important difference that could explain this discrepancy is that in the primase assay, the 5 -site nucleotide provided is a triphosphate, whereas the oligonucleotides provided as synthetic miniprimers contain a monophosphate at the 5 -end. This indicates that the ZnFD is also required during elongation, if the primers contain a 5 -terminal triphosphate.
Miniprimers covering the cryptic G were also used to evaluate its influence during elongation. When the * p CA primer was used ( Figure 4E ), the elongation bands obtained with the WT PrimPol and the ZnFD mutant differed markedly. The WT PrimPol preferentially used the residual [␥ -32 P]ATP (used for labeling the CA primer) to make * 3p AG dimers and its elongated products (* 3p AGG, * 3p AGGG. . . ) and poorly used the provided * p CA primer that covers the cryptic G, emphasizing the importance of a free cryptic G to favor primase activity. Conversely, the ZnFD mutant preferentially used the * p CA primer for elongation (see the extended products * p CAG and * p CAGG), underlining its inability to prime using a free nucleoside triphosphate at the initiation site. This result reinforces our previous conclusion that the ZnFD domain is involved in the recognition of the G and in the stabilization of the 5 -site nucleotide to initiate primer synthesis. Finally when a 3-mer long primer (* p ACA) was used to cover the cryptic G, both WT and ZnFD mutant produced the same elongation pattern, corresponding only to the extension of the * p ACA primer ( Figure 4E ). This result suggests that this synthetic primer is more stably bound to the template, fully obliterating the cryptic G. Overall, these data underscore that the cryptic G must be in ssDNA configuration to trigger initiation of primer synthesis by PrimPol.
The Zn-finger domain is required to use a triphosphate as the preferred initiating 5 -nucleotide
To directly address whether the ZnFD is involved in the interaction with the initiating nucleotide, and particularly the impact of the phosphate moiety, we assayed dimer formation with mono, di, and triphosphate versions of the initiating nucleotide, in both sugar configurations (A and dA). As shown in Figure 5A , formation of AG* dimers by the WT PrimPol proportionally increased with the number of phosphates in the 5 -site ribonucleotide (lanes 2-4): dimer formation was enhanced 7-fold when using ADP instead of AMP, and over 16-fold when using ATP ( Figure 5B ). This beneficial effect of the phosphates was also tested when using deoxy-A nucleotides, an alternative sugar for PrimPol at the 5 -initiation site but largely preferred at the 3 -elongating site (19) . Again, the triphosphate version of the nucleotide was the most efficient to trigger dimer formation ( Figure  5A , lanes 5 and 6), with an increase of ∼3.5-fold when using dATP over dADP ( Figure 5B ). Another conclusion of this experiment is that a ribose is preferred over the deoxyribose at the 5 -site, by a factor of almost 2-fold or 2-5-fold, when comparing ATP with dATP (lanes 4 and 6) or ADP with dADP (lanes 3 and 5), respectively (see also Figure 5B ).
Unexpectedly, the absence of the ZnFD domain did not significantly alter the efficiency of using AMP ( Figure 5A , lane 7), and only modestly affected the efficiency of using a diphosphate, either ADP or dADP ( Figure 6A , lanes 8 and 10), thus keeping also the preference for the ribose sugar. However, the ZnFD mutant was very inefficient (lane 9) or incapable (lane 11) to use a triphosphate; in fact, the efficiency of forming 3p AG* versus 1p AG* was quite similar (2.5-fold), but very much reduced in comparison with 2p AG* ( Figure 5B ), suggesting that the extra ␥ -phosphate makes the nucleotide more unstable in the absence of the ZnFD. Accordingly, a specific defect in binding/stabilizing the ␥ -phosphate of the 5 -initiating nucleotide is the most likely explanation for the very low primase activity reported for this mutant (26) .
We conclude that the ZnFD of PrimPol is indispensable for the use of a triphosphate as the preferred 5 -initiating nucleotide, probably increasing its stability at the active site to allow dimer synthesis.
A 5 -terminal triphosphate facilitates primer elongation
We have shown that the efficiency of dimer formation by PrimPol strongly depends on the number of phosphates of the 5 -nucleotide, with a triphosphate being the optimal substrate. We next addressed whether the 5 -terminal phosphates also influence the ability to translocate the dimer, and its subsequent elongation, and the impact of the ZnFD. The oligo GTCA was used as the most suitable template to generate dimers using AMP or ATP as the 5 -nucleotide, and labeled dGTP as the first 3 -nucleotide. To obtain comparable amounts of labeled dimers, we adjusted the concentration of the initiating nucleotide, using 100 M AMP or 10 M ATP when using the WT PrimPol, and 100 M of both AMP or ATP when using the ZnFD mutant. Elongation of each dimer into a trimer was assayed by addition of the next 3 -nucleotide, dTTP.
As shown in Figure 6A (left panel), the 1p AG* dimer could not be converted into a trimer, whereas the dimer starting with a 5 -end triphosphate ( 3p AG*) was elongated by the WT PrimPol to form a trimer. Longer elongation products were also obtained from the 3p AG* dimer, very likely due to reiterative incorporation of ATP (provided to form the dimer) opposite the polydT template tail, in spite of the sugar discrimination at the 3 -nucleotide elongations site (19) . Thus, when ATP is used as the optimal initiating nucleotide, the 5 -triphosphate that remains after dimer formation is also very important to facilitate translocation and further nucleotide addition, most likely due to a sustained role of the triphosphate in stabilizing the incipient primer. The ZnFD mutant was very inefficient in converting the 3p AG* dimer to the extended 3p AG*T primer, suggesting that the Zn-finger domain is responsible for the interaction with the 5 -terminal triphosphate that is required for dimer translocation and subsequent trimer formation.
To further investigate the role of the 5 -terminal triphosphate beyond dimer formation, we compared the elongation efficiency of a synthetic trinucleotide 3p AGT as primer, versus the 5 -monophosphate version 1p AGT. For that, we used a longer template (see Figure 6B) , in which the preferred GTC priming site is followed by a heteropolymeric sequence of 8 nt, preceding a polydT 20 tail. As expected, the trimer containing the 5 -terminal triphosphate was more efficiently elongated by PrimPol than the one with a single 5 -terminal phosphate ( Figure 6B ). Moreover, this stimulation by the triphosphate was not observed with the mutant lacking the Zn-finger domain (data not shown). In conclusion, the 5 -terminal triphosphate is essential not only during dimer formation but also during further elongation events.
Considering the importance of the 5 -triphosphate also for elongation by PrimPol, we investigated whether such a ZnFD-mediated interaction with the triphosphate would facilitate the processive synthesis of long primers. Thus, using the same template as in Figure 6B , and providing labeled ATP as the initiating nucleotide and only three dNTPs (dG/dC/dT), elongated primers up to 10 nt were the major expected products. As shown in Figure 6C , the primer elongation pattern showed the accumulation of dimer, trimer and tetramer products, which can be produced either as abortive (dissociated) products or due to a rate-limited elongation at these steps. Moreover, an accumulation of longer extended products (11-15 nt) was also observed, which could be explained by a backwards primer realignment event (22) occurring after copying the CA template sequence that precedes the polydT tail (repetition underlined in the scheme of Figure 6C ). Interestingly, the pattern/length of elongated primers remained unaltered even when very low enzyme:template ratios were used, demonstrating the processivity of primer synthesis by PrimPol. When the four dNTPs were provided ( Figure 6C , lane 6), much longer primers were synthesized by copying also the polydT tail. Some primases are well known to synthesize primers of defined length, as in the case of the human primase (11) . According to our findings, PrimPol is apparently unable 'to count', but is competent to synthesize very long primers.
DISCUSSION
PrimPols are unconventional primases whose main role is assisting replication of damaged DNA templates. Early re- ports have shown that the maintenance of normal DNA replication rates in mammalian cells, and the efficient rescue of replication forks stalled by DNA damage or nucleotide substrate deprivation, exclusively requires the exceptional ability of PrimPol to make DNA primers in response to replication stress (21, 26) . Accordingly, the stalled replicase can switch to a nearby primer, newly synthesized by PrimPol beyond the blocking lesion, thus resuming normal replication fork progression. The C-terminal domain of human PrimPol contains a replication protein A (RPA)-interacting domain (21, 27, 34) , and also a conserved Zn-finger that is essential for primase activity, but is fully dispensable for polymerase and translesion synthesis activities (26, 27) . Expression of human PrimPol versions with a deletion of the ZnFD, or solely with single mutations at Zn 2+ ligands, did not rescue normal fork rate and fork stalling in PrimPol-depleted cells, implying that only the primase activity of PrimPol is required during nuclear DNA replication (26) , and also during mitochondrial DNA replication (35) . However, little was known about the molecular details of the primase reaction in PrimPols, and how the C-terminal Zn-finger contributes to this activity.
Sequential steps during primer synthesis by human PrimPol
As described here by using templates containing a preferred and unique priming site, we were able to delineate the individual steps and substrate preference of PrimPol when building a primer, and to determine the relevance of the ZnFD at each individual step ( Figure 7A ). Human PrimPol binds first to any sequence in the ssDNA template, but preferentially to pyrimidine-rich motifs. No divalent metals are required for the stabilization of this enzyme:ssDNA binary complex ( Figure 7A, step 1) . After PrimPol binding to ssDNA and recognition of a preferred template sequence (GTC in our assays), PrimPol binds a first nucleotide (dGTP) at the elongation site, which is selected by Watson-Crick hydrogen bonding with the templating C at the recognition sequence 3 GTC5 , thus forming a socalled pre-ternary complex ( Figure 7A, step 2) . Pre-ternary complex formation strictly required the presence of manganese ions, most likely to stabilize the interaction of the incoming nucleotide at the 3 -site. The association of active site motif A (contributing two metal ligands) to the formation of the pre-ternary complex also supports this conclusion. Such a tripartite complex, the pre-ternary complex, was proposed to exist as an early intermediate of the primase reaction (11, 36) , but was formally demonstrated only in specific members of the AEP superfamily such as LigDPolDom (36) , and now here for the first time in human PrimPol, to our knowledge. Moreover, the capacity to bind both ssDNA template and 3 -nucleotide was shown to reside in the catalytic core of PrimPol, with ZnFD being dispensable at these two steps of the primase reaction.
The next steps after pre-ternary complex formation are the binding and selection of the initiating nucleotide, which Nucleic Acids Research, 2018, Vol. 46 will occupy the PrimPol primer/initiation 5 -site, followed by catalysis and subsequent dimer formation. Attempts to demonstrate the formation of an alternative pre-ternary complex with only the initiating nucleotide (ATP) or even a quaternary complex (enzyme:ssDNA:ATP:dGTP; step 3 at Figure 7A ) failed, supporting previous evidence that primases weakly/transiently interact with the initiating nucleotide that will become the 5 -end of the growing primer. Therefore, 5 -nucleotide binding was inferred from the analysis of the first catalytic event, i.e. dimer formation (Figure 7A, step 4) , with a special emphasis on the number of phosphates of the 5 -nucleotide provided. Our experiments using different 5 -site nucleotides clearly demonstrated that PrimPol largely prefers a triphosphate in the initiating nucleotide, followed by a diphosphate, and monophosphate as a much less efficient nucleotide substrate. A similar preference for triphosphate-containing initiating nucleotides has been recently described for a PrimPol-like phage enzyme (37) . Strikingly, the preference for a triphosphate in human PrimPol is mediated by the ZnFD, explaining the reported reduction in primase activity of a ZnFD mutant (26) ; however, the ZnFD is much less important for 5 -nucleotide substrates with one or two phosphates. Indeed, in the absence of the ZnFD, ADP and dADP were even more efficient than ATP and dATP, respectively, supporting an inhibitory effect of the ␥ -phosphate. These data imply that the ZnFD of PrimPol is involved in the binding and selection of the 5 -site nucleotide, most likely by establishing interactions with the ␥ -phosphate moiety of triphosphatecontaining nucleotides, making them both valid and optimal substrates for catalysis of the initial dimer. Our analysis also showed a preference for a ribose sugar in the 5 -site nucleotide. That preference was maintained when comparing nucleotides with two or three phosphates, and even in (2) Nucleotide binding at the 3 -elongation site: the 3 -deoxynucleotide (dGTP; in blue) binds to the elongation site without the influence of the ZnFD and the cryptic G, but requires manganese ions (in pink; a single Mn sphere is depicted for simplicity) and template base-complementarity to stabilize such a pre-ternary complex. (3, 4) Nucleotide binding at the 5 -initiation site, and dinucleotide formation: the 5 -ribonucleotide (ATP; in green) binds to the initiation site (step 3 is drawn faint, as it was not experimentally demonstrated) in an optimal configuration facilitated by the cryptic G, to promote dinucleotide 3p A-G formation. The Zn-finger domain plays a key role in positioning the cryptic G and binding the triphosphate moiety of the 5 -site nucleotide, keeping a closed conformation that promotes catalysis. (5) Translocation and trinucleotide formation: the Zn-finger domain maintains the interaction with the cryptic nucleotide and the 5 -end triphosphate, facilitating dimer translocation and next nucleotide addition. (6) Processive elongation: the primer is elongated processively at least up to 10 nucleotides, likely favored by a persisting interaction of the ZnFD with the 5 -triphosphate at the end of the primer, and by its flexible tethering to the catalytic core of PrimPol. (B) Upper scheme: proposed role for the non-catalytic subunit (p58) of the p49/p58 human primase (41) ; the C-terminal domain (p58C; orange) interacts with the triphosphate of the 5 -initiating nucleotide during dimer synthesis, and also during extension of the RNA primer that will be transferred to Pol␣. The N-terminal domain (p58N; light orange) interacts with the catalytic subunit p49 (maroon), establishing a limited primer size. Lower scheme: Mirroring the role of p58C, the ZnFD (dark purple) of monomeric PrimPol interacts with the triphosphate of the 5 -initiating nucleotide during dimer synthesis, and also during processive extension of the DNA primer. the absence of the ZnFD, suggesting that some residue(s) of the catalytic core of PrimPol can establish stabilizing interactions with the 2 -OH group of the initiating nucleotide. After dimer formation, translocation is needed to copy the next nucleotide of the template ( Figure 7A, step 5 ). Upon translocation, the second nucleotide of the dimer has to move back to be repositioned at the primer/initiation site of the enzyme. Given the preference of PrimPol for inserting dNTPs at the elongation site, also during dimer synthesis (19) , the configuration of the initiation site after the first translocation, and also during the next elongation events ( Figure 7A, step 6) , must be compatible with a deoxyribose, and not only with a ribose as in conventional primases. Interestingly, the efficiency of translocation and further elongation steps also took advantage of a 5 -terminal triphosphate initiating the primer strand, suggesting that the interaction via the ZnFD could serve to facilitate translocation, and/or to avoid enzyme dissociation. In fact, we have observed that PrimPol primer synthesis is highly processive at least until 10-12 nt, in contrast to the distributive pattern of elongation described when starting polymerization from a pre-existing primer (19, 27) .
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We also evaluated the relevance of the so-called 'cryptic nucleotide', which precedes the two templating bases that dictate the synthesis of the initiating dimer. Such a cryptic nucleotide (G in the preferred priming site 3 GTC5 ; (19)) was irrelevant for the formation of both binary and preternary complexes, but crucial for an efficient dimer formation using triphosphate-containing nucleotides. Interestingly, the cryptic G-mediated stimulation of both dimer synthesis and elongation required the ZnFD. A similar observation was reported for herpes virus primase, where the cryptic G provokes a more efficient polymerization or a decreased rate of primer dissociation (38, 39) .
Is the role of the ZnFD unique for PrimPols?
Not all primases contain a ZnFD, although they can form a Zn-finger at the catalytic core domain. A relevant example is the catalytic subunit (p49; Prim1) of the dimeric human primase, and AEPs that do not contain a C-terminal ZnFD as in human PrimPol. Instead, p49 interacts with a large regulatory subunit (p58; Prim2) whose N-terminal domain serves to connect the catalytic subunit p49 with Pol␣ (40) . Interestingly, the C-terminal domain of the noncatalytic subunit (p58) of human primase, which contains a S-Fe cluster instead of a Zn-finger, was shown to stably interact with a primed-template only if the primer strand contains a 5 -terminal triphosphate (41) . Further structural work (42) allowed these authors to propose that the principal role of the non-catalytic subunit is the stabilization of the triphosphate-containing nucleotide at the 5 site of the primase, thus contributing to the formation of the enzyme:ssDNA:NTP:NTP quaternary complex required for dimer synthesis ( Figure 7B ). The p58 C-terminal domain also interacts with the 3 -DNA template region immediately upstream to the initiation site (41) . This interaction is mediated by a specific histidine (His 303 ) that 'pairs' with the cryptic base at the priming site, stabilizing the 5 -nucleotide via stacking interactions with the base. Baranovsky and coworkers also proposed that this interaction with the 5 -terminal triphosphate remains during elongation, thus serving to build a primer of a very defined size ( Figure 7B ) that will be transferred to Pol␣ (42) . This mechanism of 'molecular brake' has been also proposed for DnaG-like primases (43) . A similar dependence on the 5 -triphosphate for primer elongation was also reported for the Deep-sea vent phage DNA polymerase (37) , suggesting the need for a specific domain that would be the functional counterpart of the ZnFD of eukaryotic PrimPols. Based on our present data, we propose that the C-terminal extension of the catalytic core of human PrimPol, referred to here as ZnFD, is functionally equivalent to the C-terminal domain of the p58 subunit of the human Pol alpha-primase complex (see Figure 7B ). Like p58, the ZnFD of the monomeric human PrimPol is crucial to stabilize the 5 -site nucleotide, especially at preferred PrimPol priming sites, perhaps by mediating the optimal configuration/positioning of the cryptic nucleotide and by directly contributing to the stabilization of the incoming triphosphate-containing nucleotide. Moreover, a sustained interaction with the 5 -triphosphate during elongation could serve to minimize premature dissociation from the growing primer, but allowing the transfer of its 3 -terminus to the elongating polymerase at any time and primer size.
The catalytic core of PrimPol (residues 1 to 354) was recently crystalized with a template/primer and dATP as incoming 3 -nucleotide, thus representing the polymerization mode of PrimPol (44) . The structure revealed that PrimPol primarily interacted with the template DNA strand, but showed no contacts with the primer DNA strand, explaining the large distributivity displayed by PrimPol during elongation of a pre-existing primer that does not contain a 5 -terminal triphosphate (34) . Additional crystal structures of PrimPol in primase mode will be instrumental to evaluate how the ZnFD contributes to stabilize the incoming 5 nucleotide, which specific residues are involved in the interaction with its sugar and phosphate residues, and whether these interactions are modified or remain during processive elongation to build a mature primer. 
